It is widely accepted that the gut microbiome can affect various aspects of brain function, includ-2 ing anxiety, depression, learning, and memory. However, we know little about how individual microbial species contribute to communication along the gut-brain axis. Vertebrate microbiomes 4 are comprised of hundreds of species, making it difficult to systematically target individual microbes and their interactions. Here, we use Drosophila melanogaster as a simple model organism 6 to tease apart individual and combined effects of gut microbes on cognition. We used an aversive phototactic suppression assay to show that two dominant gut commensals in our lab stock, 8 Lactobacillus and Acetobacter, are necessary and sufficient for normal learning and short-term memory relative to flies with a conventional microbiome. We also demonstrate that microbes 10 did not affect their hosts' ability to detect the aversive learning stimulus (quinine), suggesting that our results were due to decreased cognition and not sensory deficits. We thus establish 12 Drosophila as a model for elucidating mechanisms of gut-brain communication at the level of individual bacterial species.
control assay consisted of 16 trials with water only in order to establish a baseline phototaxis response for each gnotobiotic treatment. In the learning assay, flies were exposed to quinine 96 for all 16 trials to assess their ability to associate quinine with the light. In the memory assay, flies were exposed to the quinine for the first eight trials and water for the final eight trials to 98 determine if they could remember the initial association and continue to avoid the light. For all assays, a phototactic response was scored as a binary variable (yes/no), with a positive response 100 if the fly entered the light chamber. For all assays, the last eight trials represented the testing phase, in which we counted the number of phototactic responses. All flies were pre-screened 102 for positive phototaxis in a separate, empty light chamber before each assay. Trials took place between 8 am and 6 pm in a dark room. Because of the large time range, experiments were 104 performed in 30 blocks fully randomized by microbiota treatment and assays type.
For statistical analysis, we used the total number of phototactic trials during the testing 106 phase as the response variable in a linear mixed effects analysis using the lmer function in lme4 v1. 1-20 [27] in R v5.2.3 [28] . We fit a model with microbiota treatment (Conventional, Axenic, 108 Lactobacillus, Acetobacter, or Combined), assay treatment (phototaxis, learning, or memory) and their interaction as fixed effects, with the date each block was performed as a random effect. All 110 estimates report the mean, standard error. The p-values for model fixed effects were generated using a parametric bootstrap in the bootMer function in lme4 with 100000 simulations.
112
To ensure that the results of the learning assay were due to differences in cognition rather than taste perception, we tested each gnotobiotic treatment's gustatory response to quinine 114 in colored agar. To do this, we used three different taste assays: no quinine, quinine in red agar, and quinine in blue agar. The control treatment contained no quinine, in order to assess 116 a color preference. The red or blue quinine treatments had 100 mM quinine in the red or blue 1% agar (with McCormick food coloring), respectively, controlling for any inherent color 118 preference. A solution of live yeast in water was added to the surface of each well to stimulate feeding. We reared flies on our standard sterile media, collected flies 3-5 days old under light Lactobacillus (∆phototaxis = −1.57 ± 0.77; p = 0.008), and Acetobacter (∆phototaxis = 148 −1.09 ± 0.77; p = 0.0001) treatments performed more poorly relative to Conventional flies.
Again, memory was rescued in the Combined treatment (∆phototaxis = −2.63±0.77; p = 0.21).
150
Though all treatments were similarly positively phototactic with water (p microbiota = 0.37), there were minor differences among the microbiota groups, with Acetobacter flies showing the largest 152 difference as compared to the conventional flies (Table 1) . To account for this, we used this assay as a baseline level of phototaxis specific to each treatment (a relative value of 0 in Figure 1 ), 154 against which cognition was compared. Thus, minor differences in phototaxis among treatments were accounted for in the learning and memory assessments. Table 1 . Average number of phototactic trials in the testing phase for the control, learning, and memory assays for each microbiota treatment, with standard errors in parentheses.
In the taste assays, we detected no differences among the gnotobiotic treatments in quinine taste perception. Axenic and Acetobacter flies did show a preference for red media, avoiding 158 the blue, while Lactobacillus, Combined, and Conventional flies showed no preference ( Figure   2a ). However, all treatments avoided the color containing the quinine, regardless of their base [5] Steenbergen L, Sellaro R, van Hemert S, Bosch JA, Colzato LS. 2015 A randomized con-226 trolled trial to test the effect of multispecies probiotics on cognitive reactivity to sad mood. 
